Bycatch is one of the key threats to juvenile marine turtles in the Mediterranean Sea. As fishing methods are regional or habitat specific, the susceptibility of marine turtles may differ according to inter-and intra-population variations in foraging ecology. An understanding of these variations is necessary to assess bycatch susceptibility and to implement region-specific management. To determine if foraging ecology differs with region, sex, and size of juvenile loggerhead turtles (Caretta caretta), stable isotope analysis of carbon and nitrogen was performed on 171 juveniles from a range of foraging regions across the central and eastern Mediterranean Sea. Isotope ratios differed with geographical region, likely due to baseline variations in δ 13 C and δ 15 N values. The absence of sex-specific differences suggests that within an area, all comparably sized animals likely exploit similar foraging strategies, and therefore, their susceptibility to fisheries threats will likely be similar. The isotope ratios of juveniles occupying the North East Adriatic and North Levantine basin increased with size, potentially due to increased consumption of more prey items at higher trophic levels from a more neritic source. Isotope ratios of juveniles with access to both neritic and oceanic habitats did not differ with size which is consistent with them consuming prey items from both habitats interchangeably. With foraging habitats exploited differently among size classes in a population, the susceptibility to fisheries interactions will likely differ with size; therefore, region-specific management approaches will be needed.
Introduction
For globally distributed species, variation in life-history and behavioural traits can improve resilience and survival in a changing environment (Jiguet et al. 2007; Bernhardt Responsible Editor: L. Avens.
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Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s0022 7-020-3647-5) contains supplementary material, which is available to authorized users. and Leslie 2013; Timpane-Padgham et al. 2017) . Variability in the spatial and foraging ecology of a species may occur based on many factors, including morphological (e.g. size) or demographic (e.g. sex) parameters, or as a response to the environment, and can help to reduce intraspecific competition (Werner and Gilliam 1984; Violle et al. 2012) . For example, idividuals may consume different prey items resulting in individual specialisation in a generalist population (e.g. Vander Zanden et al. 2010 ; Thomson et al. 2018 ). As different individuals may play different roles within an ecosystem (Chapin et al. 2001; Violle et al. 2012) , their susceptibility to disturbances, whether natural or anthropogenic, will also differ. Therefore, these variations in resource exploitation could influence population growth and dynamics (Araújo et al. 2011) , complicating conservation management and requiring region-specific management approaches.
Loggerhead turtles (Caretta caretta) demonstate complex life-history patterns, utilising a wide range of ecosystems throughout their life cycle and facing various natural and anthropogenic threats at each life stage (Bolten 2003) . Loggerhead turtle life-history patterns and foraging strategies vary globally, and large gaps remain in our knowledge owing to the difficulty of monitoring such long-lived animals at sea (Wildermann et al. 2018) . Globally, fisheries bycatch is one of the most significant threats faced by marine turtles (Lewison et al. 2014) . The extent of fishing and the fishing techniques used, drastically differs with location and habitat type (Casale 2011) . Therefore, to better understand fisheries interactions and for successful conservation of loggerhead turtle populations, it is neccesary to understand inter-and intra-population variations in habitats used and resources exploited (Hamann et al. 2010; Rees et al. 2016) .
To investigate the spatial and foraging ecology of juvenile loggerhead turtles, satellite telemetry deployed at foraging grounds has previously been used and can provide fine-scale near real-time movement data (e.g. McClellan and Read 2007; Mansfield et al. 2009; Arendt et al. 2012 ). However, satellite telemetry does not provide dietary information and the expense of this tool can often limit the sample size (Godley et al. 2008) . Detailed information can be gained about the foraging ecology of individuals by analysing stomach contents and stable isotopes from stranded or incidentally captured individuals (Tomás et al. 2001; Revelles et al. 2007; Seney and Musick 2007; Casale et al. 2008; Lazar et al. 2011; Cardona et al. 2012 Cardona et al. , 2015 Blasi et al. 2018) . Investigating stomach contents enables taxonomic identification of prey items but does bias against rapidly digested soft-bodied prey, represents a short dietary time frame (Duffy and Jackson 1986) , and requires expertise, time, and access to freshly dead individuals. Stable isotope analysis (SIA) is a powerful cost-effective forensic tool that has been used to gain insights into the spatial and foraging ecology of numerous marine taxa (Rubenstein and Hobson 2004; Newsome et al. 2010; Bird et al. 2018) , including marine turtles (Figgener et al. 2019a,b; Haywood et al. 2019) . The ratio of stable isotopes within low-metabolically active tissues (e.g. epidermis and keratinised tissues such as scutes) reflects the food that an individual has consumed and the location where it was ingested (DeNiro and Epstein 1978) . These tissues typically have slow turnover rates and the isotope incorporation from dietary items takes several months, and, therefore, represents diet over longer time frames than stomach content analysis (Reich et al. 2008) .
The carbon isotope ratio (expressed as δ 13 C) of a consumer reflects the primary producer at the base of their food chain (DeNiro and Epstein 1978) , with benthic and nearshore food chains supported by macroalgae and seagrass exhibiting high δ 13 C values in comparison to pelagic and oceanic food chains supported by phytoplankton (DeNiro and Epstein 1978; Graham et al. 2010) . The nitrogen isotope ratio (expressed as δ 15 N) at the base of a food chain differs in relation to (1) δ 15 N values of their nutrient sources (e.g., N 2 , ammonium, and nitrate), (2) nitrogen-based processes, including; nitrification, denitrification, and N 2 fixation, and (3) isotopic fractionation (Montoya 2007) . On local-scales, nitrogen isotope ratios, and to a lesser extent, carbon isotope ratios, can reflect trophic patterns within a food chain due to isotopic fractionation. With each subsequent trophic level, a 3-4‰ and a ~ 1‰ step wise increase in δ 15 N and δ 13 C values, respectively, are considered to occur (DeNiro and Epstein 1978; Minagawa and Wada 1984; France and Peters 1997) .
As local-scale variations in stable isotope ratios can be inferred as differences in foraging grounds used or prey items consumed, they allow for the spatial and foraging ecology of loggerhead turtles to be assessed (e.g. Thomson et al. 2012; Ramirez et al. 2015; Turner Tomaszewicz et al. 2017) . This is particularly useful for juvenile loggerhead turtles in the Mediterranean Sea, which have complex spatial and foraging ecology (see Casale et al. 2018 for a review of the biology of loggerhead turtles in the Mediterranean). Juveniles can be found throughout the Mediterranean in oceanic or neritic foraging grounds . Identifying foraging grounds is challenging and large data gaps remain in many areas of the Mediterranean, in particular the oceanic waters of the Levantine Basin . Fisheries bycatch data suggest major oceanic foraging grounds include the northern Ionian/South Adriatic, the southern Ionian/Sicilian Strait, and the westernmost part of the Mediterranean (Casale et al. 2011 ) and satellite telemetry highlighted the Tyrrhenian Sea, Algerian Sea, the Ionian as areas of importance (Zbinden et al. 2008; Hays et al. 2014a; Mingozzi et al. 2016; Luschi et al. 2018) . Foraging in these oceanic regions is likely driven by the occurrence of patchy ephemeral resources due to eddies concentrating resources (Eckert et al. 2008) . Neritic foraging grounds were located in areas of high productivity and on the continental shelves of the Aegean Sea, Adriatic Sea, eastern Levantine basin, northern Africa, and off Tunisia (see Casale et al. (2018) and citations within).
Juvenile Mediterranean loggerhead turtles are considered highly opportunistic foragers with diverse dietary items reported across the Mediterranean (e.g., Tomás et al. 2001; Casale et al. 2008; Lazar et al. 2008a, b) . Stomach contents of strandings in North Cyprus were dominated by benthic prey items including bivalves and sponges (unpubl data). In comparison, the diet of juveniles caught in the Central Mediterranean were dominated by benthic prey items, including Malacostraca, Gastropoda, and Echinoidea, as well as pelagic prey items ). In the western Mediterranean juveniles caught predominantly in neritic habitats had consumed both pelagic and benthic-demersal prey, including fish, pelagic tunicates, crustaceans, molluscs, and other invertebrates (Tomás et al. 2001) . Whilst in the Northern Adriatic, small juveniles that would have previously been considered oceanic in size had diets dominated by benthic items such as anemones, crustaceans, and molluscs (Lazar et al. 2008a, b) .
Mediterranean juveniles appear to follow alternative life-history patterns to those in other ocean basins and intra-population differences in habitat use are also reported (Casale et al. , 2015 . In regions, such as Amvrakikos Gulf (Greece) and Cyprus, most individuals found in coastal neritic habitats are larger (mean CCL: 0.67 and 0.65 m, respectively; Rees et al. 2013; Snape et al. 2013 ). This supports the traditional ontogenetic life-history model of a distinct shift in preference from oceanic to neritic habitat use with increased size (Musick and Limpus 1997) . This traditional life-history model is challenged on the Tunisian Plateau, Northern Adriatic Sea, and in the western Mediterranean, where juveniles as small as 0.25 m in length (notchto-tip, Bolten 1999) start to utilise both neritic and oceanic habitats interchangeably, and are therefore, susceptible to threats in both habitats (Tomás et al. 2001; Casale et al. 2008; Lazar et al. 2008a Lazar et al. , 2011 .
In the Mediterranean Sea, bycatch is one of the key threats to marine turtles resulting in high levels of mortality in both neritic and oceanic habitats (conservatively 44,000 deaths per year, Casale 2011; Casale et al. 2018 ). The susceptibility of juvenile loggerhead turtles to anthropogenic threats differs with region due to heterogeneity in fishing effort as well as due to differences in habitat use by turtles (e.g. Cardona et al. 2009; Casale 2011) . To loggerhead turtles foraging in neritic habitats, the threat comes from small-scale fisheries using nets (trammel and gill) and bottom-set longlines, whilst interactions with pelagic longline are more common for oceanic foragers (Casale 2011) . Region and habitat use will also likely affect the susceptibility of marine turtles to other anthropogenic threats such as the ingestion of debris and chemical pollution (Franzellitti et al. 2004; Casale et al. 2008 . Understanding the foraging habitats used by all individuals within and among populations is necessary to assess threats and implement appropriate management approaches. Therefore, using SIA of stranded, incidentally and directly captured juveniles, this study aims to assess the foraging ecology of juvenile loggerhead turtles from a range of foraging regions in the Mediterranean Sea, to determine if foraging ecology differs with region, sex, and size.
Materials and methods

Sample collection
Carapace costal scute samples were obtained from dead incidentally captured juvenile loggerhead turtles found in the NE Adriatic (Croatia and Slovenia, n = 52) and Central Mediterranean (Lampedusa, n = 36, Fig. 1 ) between 2001 and 2006. These turtles were captured by trawl, longline, or static net fishing gear. Scute samples were taken by scalpel from the second or third costal scute. The exact location of the incidentally captured individuals in the Central Mediterranean is unknown as turtles were collected from fishers on the Tunisian continental shelf and landed in Lampedusa. In the North Levantine basin (North Cyprus), 228 juveniles were stranded dead or incidentally captured (dead and alive in trammel nets) between 2012 and 2018. Of these, 65 were sampled for epidermis tissue (< 0.25 cm 2 , Fig. 1 ) from the trailing edge of the fore flipper on the third membrane or the shoulder (between the neck and fore flipper). Epidermis tissue samples were also collected from the third membrane from the trailing edge of the fore flipper of live-captured juveniles foraging in the East Ionian (Amvrakikos Gulf, Greece, n = 18, Fig. 1 ) in 2017 (see Rees et al. 2013 for details on the capture method). Skin samples were taken by scalpel and only the epidermis tissue was used in the analysis (dermis tissue was removed in the laboratory). Until required for analysis, scute samples were air-dried then frozen and epidermis samples were stored in ethanol (90% and 70% ethanol in East Ionian and North Levantine basin, respectively) at room temperature.
Curved carapace length (CCL) was measured with a flexible measuring tape as an indicator of body size. CCL measurements in the Central Mediterranean, East Ionian, and NE Adriatic were notch-to-tip, whilst CCL measurements in the North Levantine basin were notch-to-notch (Bolten 1999;  for conversion of notch-to-tip to notch-to-notch values, see Appendix S1 in the Online Resource). Individuals were considered juvenile if CCL < 0.80 m, which is the rookeryweighted mean size at sexual maturity for Mediterranean loggerhead turtles, and was selected as genetics suggest mixed stocks in the foraging grounds (Casale et al. 2005 Casale and Heppell 2016) . For dead juveniles, sex was determined by gross morphology and/or histology of the gonads (Casale et al. 2006; Lazar et al. 2008b ), whilst sex was unknown for live-caught and live-bycaught juveniles in the East Ionian and North Levantine basin, respectively, as sex is not usually dimorphic at juvenile stages and gross morphology of the gonads could not be performed.
Stable isotope analysis
Scute samples were cleaned to remove epibionts and rinsed with ethanol. Both scute and epidermis samples were rinsed with deionized water, soaked for 24 h, and dried at 60 ˚C for 48 h. Approximately 0.70 mg (± 0.10 mg) of sample was weighed into sterilised tin capsules. Epidermis samples did not undergo lipid extraction and did not require a lipid correction factor as evaluated by the C:N ratio (mean:3.44, range: 3.18-3.78, Post et al. 2007 ). Samples were analysed on a Thermoquest EA1110 elemental analyser linked to a Sercon2020 stable isotope ratio mass spectrometer running in continuous flow mode (conducted by Elemtex Ltd, UK laboratory). Isotope ratios are expressed as conventional delta (δ) values in parts per thousand (‰) using the following equation: δX = [( R sample / R standard ) -1] × 1000, where X is 13 C or 15 N. R sample and R standard are the corresponding ratios of the heavier to the lighter isotope (i.e., 13 C/ 12 C, 15 N/ 14 N) in the sample and international standard, respectively. The international standard for 13 C and 15 N is Vienna Pee Dee Belemnite and atmospheric nitrogen (AIR), respectively.
All analyses were performed with the software R 3.5.1 (R Core Team 2018), and for statistical tests, the significance level used was α = 0.05. To determine if region affects δ 13 C and δ 15 N values, whilst taking size into account, an Analysis of Covariance was performed. To determine if sex affected stable isotope ratios an Analysis of Variance (ANOVA) was performed, whilst a General Additive Model (GAM) was performed using the R package 'mgcv' (Wood 2011) to determine if size affected δ 13 C and δ 15 N values, with size set as a smooth term.
The isotopic niche width of individuals grouped by region or sex was calculated using the R package 'SIBER' (Stable Isotope Bayesian Ellipses in R, Jackson et al. 2011 ). Maximum-likelihood standard ellipses were obtained by Bayesian inference containing 40% of the data (SEA) and small samples sizes were corrected for (SEA c ). Isotope niche overlap among each group was calculated as the proportion of the non-overlapping area of the two ellipses. See Jackson et al. (2011) for details on these methods.
The time between death and sampling is unknown for stranded individuals; however, decomposition is not thought to affect δ 13 C and δ 15 N values of loggerhead turtle epidermis (Payo-Payo et al. 2013) . We compared the stable isotope ratios of juveniles with different decomposition states (categorised as: alive, fresh dead, moderately decomposed, severely decomposed, and skeleton) and found no significant differences, and therefore, for further analysis, individuals were not analysed seperately based on decomposition state. Stable isotope ratios of stranded and incidentally captured juveniles from the North Levantine basin did not differ isotopically and therefore from herein were treated as one group and referred to as stranded unless specified otherwise (for details on these analyses, see Appendix S2 in the Online Resource). To determine temporal shifts in baseline ratios for each region, stable isotope ratios were compared across the sampling periods using ANOVAs. To determine monthly differences in the δ 13 C and δ 15 N values of epidermis samples from the North Levantine basin, Generalised Additive Mixed Models (GAMM) were used in the R package 'mgcv' (Wood 2011) . The GAMM used a cyclic smoothing spline to account for the annual cyclic trend.
Results
In total, tissue from 171 juveniles were analysed from the Central Mediterranean, East Ionian, NE Adriatic, and North Levantine basin (Table 1) . δ 13 C values ranged from − 19.32 to − 12.76‰ (mean ± SD = − 16.60 ± 1.34‰, n = 171) and δ 15 N values ranged from 3.94 to 13.71‰ (mean ± SD = 8.03 ± 2.14‰, n = 171).
For 88 individuals, replicate scute samples were analysed, but no significant difference was found between replicates for δ 13 C and δ 15 N values (Wilcoxon signed-rank test, δ 13 C: V = 1657, Z = − 1.10, P = 0.27, n = 88; δ 15 N: V = 1547, Z = − 1.40, P = 0.16, n = 18), and as a result, the mean value was used for further analysis. The results were found to be insensitive to the isotope analytical uncertainties (for details of this analysis, see Appendix S5 in the Online Resource).
To determine temporal shifts in baseline ratios for each region, stable isotope ratios were compared across the sampling periods. Neither δ 13 C nor δ 15 N values differed with year in all regions (ANOVA, Central Mediterranean: δ 13 C: F (2,19) = 0.15, P = 0.86, δ 15 N: F (2,19) = 0.90, P = 0.42, n = 36; NE Adriatic: δ 13 C: F (4,46) = 0.13, P = 0.97, δ 15 N: F (4,46) = 0.10, P = 0.98, n = 52; North Levantine basin: δ 13 C: F (6,58) = 1.28, P = 0.28, δ 15 N: F (6,58) = 2.13, P = 0.06, n = 65, see Appendix S3 in the Online Resource). These results were found to be insensitive to the isotope analytical uncertainties; however, note the higher uncertainties (resulting in a lower performance consistency for nitrogen) for the North Levantine basin (for details of this analysis, see Appendix S5). East Ionian samples were not included in this analysis as all samples were collected in 2017 only. A significant difference was seen in δ 13 C values with month for the samples collected in the North Levantine basin (GAMM: F = 1.53, edf = 2.32, p < 0.002, R 2 = 0.17, n = 4) with higher δ 13 C values in the summer months (Fig S4.4) . No difference was seen in δ 15 N values with month (GAMM: F = 1.53, edf = 2.32, p < 0.002, R 2 = 0.17, n = 4, Fig S4.4) . These results were found to be insensitive to the isotope analytical uncertainties (for details of this analysis see Appendix S5).
Inter-region differences
A significant difference was seen in δ 13 C values among regions (ANOVA, F (3,167) = 80.49, P < 0.001, n = 171) and a post hoc Tukey's Honest Significant Difference test showed this was due to the δ 13 C values of all regions differing with juveniles from Central Mediterranean having the lowest values (P < 0.001, Fig. 2 ). When body size was taken into account, region continued to affect δ 13 C values (ANCOVA, F (3,163) = 81.80, P < 0.001, n = 171). A significant difference was seen in δ 15 N values among regions (ANOVA: F (3,167) = 59.99, P < 0.001, n = 171) and a post hoc Tukey's Honest Significant difference test shows that this was due to the δ 15 N values of all regions differing with juveniles from NE Adriatic having the highest values (P < 0.001, Fig. 2 ). When body size was taken into account, region continued to affect δ 15 N values (ANCOVA, F (3,163) = 63.78, P < 0.001, n = 171). These results were found to be insensitive to the isotope analytical uncertainties (for details of this analysis, see Appendix S5). SIBER results show the isotope niche of Central Mediterranean and NE Adriatic juveniles which are distinct as their overlaps were null, whilst juveniles in the North Levantine basin slightly overlapped with East Ionian juveniles (Table 2; Fig. 2 ).
Sex-specific differences
In total, sex was determined for 36 juveniles in the Central Mediterranean (F = 16, M = 20), 45 in the NE Adriatic (F = 33, M = 12), and 37 in the North Levantine basin (F = 21, M = 16). Neither δ 13 C nor δ 15 N values differed between female and male juvenile loggerhead turtles within each region (ANOVA, Central Mediterranean: δ 13 C: F (1,34) = 0.87, P = 0.36, δ 15 N: F (1,34) = 1.92, P = 0.17, n = 36; NE Adriatic: δ 13 C: F (1,43) = 3.15, P = 0.08, δ 15 N: F (1,43) = 0.10, P = 0.76, n = 45; North Levantine basin: δ 13 C: F (1,35) = 0.02, P = 0.90, δ 15 N: F (1,35) = 1.72, P = 0.20, n = 37, Fig. 3) . These results were found to be insensitive to the isotope analytical uncertainties (for details of this analysis, see Appendix S5). SIBER results show that the isotope niches of females and males are not distinct in any region (Table 2 ; Fig. 3 ). 
Size differences
A full range of juvenile sizes were sampled from 0.12 to 0.79 m (mean CCL = 0.54 m). Size significantly differed among regions (ANOVA, F (3,167)= 40.8, P < 0.001, n = 171). A post hoc Tukey's Honest Significant Difference test showed that juveniles sampled from the East Ionian and the North Levantine basin were significantly larger than juveniles from the Central Mediterranean and NE Adriatic (P < 0.001). The δ 13 C values of juvenile loggerhead turtles were not affected by size in any region (GAM, P > 0.05, Fig. 4 ). The δ 15 N values were not affected by size in the Central Mediterranean or East Ionian, whilst larger individuals had higher δ 15 N values in the NE Adriatic (GAM, F = 7.24, P = 0.009) and the North Levantine basin (F = 3.05, P = 0.04, Fig. 4) . These results were found to be insensitive to the isotope analytical uncertainties (for details of this analysis, see Appendix S5).
Discussion
The results highlight the ecological complexity of Mediterranean juvenile loggerhead turtles and demonstrate the benefits of conducting SIA on opportunistically obtained juveniles for understanding the foraging ecology of marine vertebrates. Regional differences are observed in stable isotope ratios, and intra-regional variation occurs with size but not sex, therefore supporting a requirement for site specific management approaches.
Inter-region differences
Differences in stable isotope ratios among regions are more likely due to baseline variations in δ 13 C and δ 15 N values rather than geographical differences in foraging ecology. The Central Mediterranean sampling region is offshore (~ 160 km), surrounded by both neritic and oceanic habitats, from which loggerhead turtles forage .
Although on the continental shelf, food chains in this offshore region are likely supported by phytoplankton, which have lower δ 13 C values in comparison to productive benthic and near-shore regions with food chains supported by algae and seagrass (DeNiro and Epstein, 1978; Graham et al. 2010) . This likely explains why juveniles foraging in the Central Mediterranean have lower δ 13 C values than juveniles foraging in the East Ionian, NE Adriatic, and North Levantine basin, which are likely foraging predominantly in neritic habitats. This trend has been observed in several loggerhead turtle populations (e.g. Hatase et al. 2002; Eder et al. 2012) . Although a stepwise enrichment in δ 13 C values can be seen with each subsequent trophic level, it is unlikely juveniles foraging in the Central Mediterranean are foraging at lower trophic levels than the other regions as they do not have lower δ 15 N values (except in comparison to the NE Adriatic, DeNiro and Epstein 1978; Minagawa and Wada 1984; France and Peters 1997) . High δ 15 N values have been previously reported for loggerhead turtles foraging in the NE Adriatic and have been attributed to the extensive influence of highly enriched 15 N agricultural run-off and anthropogenic waste from major river systems (Degobbis and Gilmartin 1990; Zbinden et al. 2011; Cardona et al. 2014; Haywood et al. 2020) . In comparison, relatively low baseline δ 15 N values are seen across the eastern Mediterranean basin, which includes the North Levantine basin and the Central Mediterranean and is most likely due to high levels of N 2 fixation (Pantoja et al. 2002) .
Differences in sampling methods among the geographical regions may also bias the results. For example, the sampling area of each geographical region differs substantially with the East Ionian individuals sampled from a discrete neritic site in the Amvrakikos Gulf with limited foraging options (max depth 65 m, Rees et al. 2013) , and the NEA Adriatic and North Levantine basin were sampled in a relatively discrete area, whereas a large area was fished in the Central Mediterranean where juveniles likely had access to multiple foraging habitats . Sampling method differed with region with individuals in the East Ionian live caught in targeted foraging grounds, individuals from Central Mediterranean, and NE Adriatic incidentally captured, whilst individuals from the North Levantine basin were incidentally captured or stranded. The cause of stranding was often unidentified and the location in which the turtle died was unknown.
In addition, incidentally captured individuals were caught in different fishing gears dependent on the geographical region. In the North Levantine basin, individuals were incidentally captured in trammel nets, therefore, incidentally targeting neritic foragers, whilst individuals caught in the Central Mediterranean and NEA Adriatic were caught by trawl, longline, or static net fishing gear, and in turn sampling either benthic or pelagic habitats. The SIBER results show that juveniles in the East Ionian have the narrowest isotopic niche, which may be due to limited foraging options or due to the small sample size (although small sample sizes were corrected for). Juveniles in the Central Mediterranean and NE Adriatic have relatively small isotope niche widths, whilst juveniles foraging in the North Levantine basin had the largest. The larger isotope niche width seen for North Levantine basin juveniles could suggest that they are foraging on a larger range of prey or are using a larger range of habitats. The mean size (CCL) at sexual maturity for loggerhead turtles in the Mediterranean is considered 0.80 m (Casale and Heppell 2016) , but females nesting in North Cyprus and foraging in other regions of the Mediterranean can be considerably smaller (minimum recorded was 0.59 m, unpublished data). Therefore, some of the individuals sampled in the North Levantine basin and assigned as juveniles may in fact nest in North Cyprus, but forage in other areas of the Mediterranean, resulting in a large isotope niche width for the North Levantine basin group.
It should be noted that in this study, two tissues types, scute and epidermis, were used. The isotope ratios represent a time intergrated diet with each tissue type respresenting different time frames of dietary information due to differences in the metabolic turnover rate (Peterson & Fry 1987) . Epidermis incorporates dietary information over several months (Reich et al. 2008) , whilst scute represents a longer time frame (e.g. Vander Zanden et al. 2010 ). This is not an issue when studying adults as they are known to show high foraging site fidelity and, therefore, have relatively constant isotope ratios through their scutes. However, this can be a limitation for juvenile loggerhead turtles in the Mediterranean as although some remain in distinct grounds, others have been found to shift habitats relativley frequently (e.g. Cardona et al. 2005 Cardona et al. , 2009 Casale et al. 2007 Casale et al. , 2012 Eckert et al. 2008) . Epidermis samples from the North Levantine basin show a seasonal change in carbon isotope ratios demonstrating a potential habitat or dietary shift through the year and may explain the larger isotope niche reported in this region. Scute samples analysed from Central Mediterranean and NE Adriatic juveniles may, therefore, represent a combination of several habitats and prey items. As juveniles from these regions had distinct isotope ratios, relatively small isotope niche widths, and isotope ratios that match the current knowledge about the isoscape of the Mediterranean, Fig. 4 Summary of the influence of curved carapace length (CCL) on δ 13 C values (left column) and δ 15 N values (right column) of juvenile loggerhead turtles sampled in the (a, b) Central Mediterranean, (c, d) NE Adriatic, (e, f) North Levantine basin, and (g, h) East Ionian. Solid line represents mean isotope ratio response and shaded region represents ± standard error. Edf estimated degrees of freedom, F F-statistic, p significance. Note different x-axis for East Ionian plots ◂ it suggests that even if these individuals are frequenting several habitats, they are likely remaining in the same geographical region.
Although tissue-tissue conversion equations enable isotopes ratios from different tissue types to be compared, they should be used with caution as there are numerous factors that can influence isotopic differentiation between tissues. Therefore, we support the previous reccomendations that a standardised tissue type should be used enabling direct comparisons between studies especially when investigating juveniles (see Haywood et al. 2019 and citations within).
Sex-specific differences
Differences between resource use of female and male adults might be expected due to various evolutionary and energetic pressures related to reproduction (Pajuelo et al. 2016 ), although differences may not be evident until they have reached sexual maturity. No difference in the foraging ecology of female and male loggerhead turtles has been documented previously in the Mediterranean or other ocean basins (Tomás et al. 2001; Seney and Musick 2007; Schofield et al. 2010 Schofield et al. , 2013 Pajuelo et al. 2012; Thomson et al. 2012; Casale et al. 2013; Hays et al. 2014b ). The absence of sex-specific differences in stable isotope ratios, the high overlap in isotope niche, and the similar sex ratios at each sample site suggest juvenile males and females exploit similar prey items and inhabit similar areas. With both sexes utilising the same resources, their susceptibility to fisheries threats will likely be similar. This supports the findings of an unbiased sex ratio of bycaught juveniles in the Mediterranean Sea previously reported by Casale et al. (2006) .
Size differences
Higher δ 13 C and δ 15 N values with size have been previously reported for both juvenile and adult loggerhead turtles in the Mediterranean and other ocean basins (Godley et al. 1998; Hatase et al. 2002; Pajuelo et al. 2010; Eder et al. 2012; Goodman Hall et al. 2015; Ramirez et al. 2015; Blasi et al. 2018) , but this is not always the case (Wallace et al. 2009; Clusa et al. 2016) . This suggests that shifts in habitat use or diet with size are not obligate, and a relaxed lifehistory model has been previously reported in the Mediterranean Sea ). Higher δ 15 N values in larger juveniles could suggest that larger individuals are foraging in more neritic habitats which have comparatively higher baseline δ 13 C and δ 15 N values compared to oceanic habitats (Hatase et al. 2002; McClellan et al. 2010; Ramirez et al. 2015) . This isotope ratio and size trend is well reported for populations undertaking oceanic-neritic ontogenetic shifts during the juvenile life stage (Snover et al. 2010; Ramirez et al. 2015; Turner Tomaszewicz et al. 2017 ).
However, it is very likely the loggerhead foraging grounds in the NE Adriatic and North Levantine basin are on the continental shelf, and therefore, differences in oceanic and neritic foraging habitat are less likely than differences in epi-pelagic verses benthic prey consumption. Due to trophic fractionation, higher trophic prey items have higher δ 15 N values (DeNiro and Epstein 1978; Minagawa and Wada 1984; France and Peters 1997; Belicka et al. 2012) . Improvement in diving capacity (depth and duration) as well as larger heads, larger gape size, and, therefore, higher bite force with size (Salmon et al. 2004; Marshall et al. 2012) means previously inaccessible higher trophic fauna, such as large molluscs, crustaceans, and fish, become available to larger individuals (Seney and Musick 2007, Casale et al. 2008; Goodman Hall et al. 2015; Blasi et al. 2018) . This would explain the size trend observed in this study for juveniles foraging in the North Levantine basin and NE Adriatic, whilst the small size range in East Ionian turtles may explain why no size effects were reported. With trammel and gill nets, as well as bottom-set longlines, being the highest cause of bycatch in neritic habitats (Casale 2011) , juvenile loggerheads may become more susceptible to neritic fishing gears in these regions as they grow, as they may be foraging on more neritic prey items.
In contrast, in the Central Mediterranean, Casale et al. (2008) reported benthic and epi-pelagic prey was commonly consumed in both neritic and oceanic individuals of all size classes. This not only suggests foraging throughout the water column, but the use of both neritic and oceanic habitats interchangeably . This was also found in the western Mediterranean with no differences in isotope ratios reported for juveniles caught in neritic or oceanic habitats or between individuals of different sizes suggesting the consumption of similar dietary items (Revelles et al. 2007 ). Hence, isotope ratios of an individual could incorporate baseline isotope ratios of both neritic and oceanic habitats and would explain why no size trend was seen in juveniles sampled from the Central Mediterranean in this study or for juveniles sampled in southern Italy by Clusa et al. (2016) . With bycatch in the Central Mediterranean spanning both the neritic and oceanic habitats (as emphasised by samples in this region collected from trawl, pelagic longline, and static net fishing gear), the results from this study suggest juveniles in the Central Mediterranean may be bycaught in both habitats throughout their size range.
Implications for conservation
SIA has been used globally to demonstrate size-related differences in habitat use for loggerhead turtles and in turn highlighting the need for conservation management to consider population sub-groups (e.g. Hatase et al. 2002; McClellan et al. 2010; Snover et al. 2010; Thomson et al. 2012; Ramirez et al. 2015; Turner Tomaszewicz et al. 2017) . In neritic habitats, such as in the North Levantine basin, bottom-set fishing gear is most common (Casale 2011) . With larger individuals potentially consuming a more benthic dominated diet, this may increase the probability of bycatch in this size class. This has been previously reported by Snape et al. (2013) who found that mostly larger individuals were bycaught in Cyprus and attributed most strandings to small-scale fisheries using demersal gears, which could cause a shift in population dynamics. In the water of eastern mainland Spain, juveniles appear to extensively use the continental shelf where their susceptibility to neritic fishing gears is high (Cardona et al. 2009 ). In comparison, with juveniles of all sizes utilising both neritic and oceanic habitats in the Central Mediterranean, interactions with both bottom-set gears and pelagic longlines are likely. This is supported by research by Clusa et al. (2016) that showed isotope and genetic markers of Atlantic and Mediterranean juveniles in the western and central Mediterranean differed with region but not between pelagic or neritic fishing gears. This suggests that these juveniles are using both habitats interchangeably, and it was concluded that in these areas of the Mediterranean, the impact of turtle bycatch depends on the geographic distribution of the fishing effort rather than the fishing type (Clusa et al. 2016 ) unlike in the North Levantine basin. With different foraging strategies used in different regions of the Mediterranean, region-specific management approaches are required, dependent on whether management of fishing gear or fishing location would be most beneficial.
Surface currents in the global oceans are thought to passively disperse loggerhead turtle hatchlings to the foraging grounds that they continue to return to throughout their life time Putman et al. 2012; Scott et al. 2012; Casale and Mariani 2014) . The distinct isotope niche of juveniles in each geographical region in this study suggests a limited exchange of individuals between these areas and, therefore, supports the hypothesis that large juveniles remain in the same geographical region which they passively drifted to. With juveniles likely remaining in the same geographical region, the susceptibility to fisheries interactions will differ as fishing effort and fishing gear is not spatially homogenous across the Mediterranean (Casale 2011 and citations within). Marine turtles face other anthropological threats and the level of these also differs with region and habitat use (see review by Casale et al. (2018) ). For example, in the north Adriatic, loggerhead turtles have high levels of heavy metals (Franzellitti et al. 2004) , whilst low levels were reported in Cyprus turtles 20 years ago . Individuals with a higher trophic position are thought to have heavier burdens of pollutants due to diet-related bioaccumulation (Mckenzie et al. 1999 ). In addition, Central Mediterranean loggerhead turtles caught in pelagic habitats have higher rates of debris ingestion compared to those in neritic habitats . Therefore, for conservation management to be successful, the spatial and foraging ecology of marine turtles must be considered.
To further enhance our understanding of the complexities of loggerhead turtle foraging ecology globally, we support the recommendations to (1) use additional forensic markers or complementary techniques to provide greater power of inference of dietary estimations and geographical differences, (2) for standardised methods to be used to allow comparisons across studies, and (3) for the collaboration and combining of datasets at a global scale (as reviewed in Haywood et al. (2019) and citations within).
Conclusions
This study highlights the use of stable isotope analysis to better understand the foraging ecology of marine vertebrates. For juvenile loggerhead turtles in the Mediterranean Sea, differences in foraging ecology do not occur between sexes, but do occur among geographical regions and with size. Differences in stable isotope ratios among geographical regions are likely due to the different habitats used by each population, with individuals in the Central Mediterranean using more oceanic habitats than the other populations. Susceptibility of these regions to different fisheries will, therefore, be likely and should be considered in future-management strategies. Size differences were region-dependent with no differences reported in regions where oceanic and neritic habitats were available suggesting juveniles in these regions will be bycaught by multiple fishing gears throughout their size range. In regions with only neritic habitats, differences were attributed to larger individuals exploiting different prey and suggest that individuals of different sizes may play different roles in the ecosystem and, in turn, become more susceptible to neritic fishing gears as they grow. These results confirm the necessity of implementing region as well as habitat-specific management approaches.
